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ABSTRACT  

Cytochrome P450 27A1 (CYP27A1) is a ubiquitous enzyme that hydroxylates cholesterol and 

other sterols. Complete CYP27A1 deficiency due to genetic mutations is detrimental to human 

health, whereas 50% of activity retention is not and does not affect the whole body cholesterol 

levels. CYP27A1 is considered as a potential therapeutic target in breast cancer and age-related 

neurodegenerative diseases; however CYP27A1 inhibition should be £50%. Herein, 131 

pharmaceuticals were tested for their effect on CYP27A1-mediated cholesterol 27-hydroxylation 

by in vitro enzyme assay. Of them, 14 drugs inhibited CYP27A1 by ³75% and were evaluated for 

in vitro binding to the enzyme active site and inhibition constants. All drugs except one (dasatanib) 

elicited a spectral response in CYP27A1 and had Ki values for cholesterol 27-hydroxylation either 

in the submicromolar (clevidipine, delaviridne, etravirine, felodipine, nicardipine, nilotinib, and 

sorafenib) or low micromolar range (abiratone, candesartan, celecoxib, dasatanib, nilvadipine, 

nimodipine, and regorafenib). Clevidipine, felodipine, nicardipine, nilvadipine, and nimodipine 

have the same 1,4-dihydropyridine scaffold and are indicated for hypertension. We used two of 

these antihypertensives (felodipine and nilvadipine) for administration to mice at a 1 mg/kg of 

body weight dose, daily, for 7 days. Mouse 27-hydroxycholesterol levels in the plasma, brain, and 

liver were reduced, whereas tissue levels of total cholesterol were unchanged. Structure-activity 

relationships within the 1,4-dihydropyridine scaffold were investigated, and features important for 

CY27A1 inhibition were identified. We confirmed our previous finding that CYP27A1 is a 

druggable enzyme and found additional drugs as well as the scaffold with potential for partial 

CYP27A1 inhibition in humans.  
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Introduction 

Cytochrome P450 27A1 (CYP27A1) or sterol 27-hydroxylase is a ubiquitous mitochondrial 

enzyme, whose substrate preferences are tissue-specific and include bile acid intermediates (in the 

liver), cholesterol (in many extrahepatic tissues), and vitamin D3 (in the kidneys) (Masumoto et 

al., 1988; Okuda et al., 1988; Wikvall, 1984). Broad sterol specificity determines the multiple 

physiological roles of CYP27A1, which are reflected in part in clinical and biochemical 

manifestations of cerebrotendinous xanthomatosis (CTX), an autosomal recessive disease due to 

mutations in CYP27A1, which disrupt or abolish enzyme activity (Bjorkhem, 2013). A clinical 

hallmark of CTX is deposits of cholesterol and its metabolite cholestanol in the brain and tendons. 

In addition, CTX frequently leads to progressive dementia, juvenile bilateral cataracts, retinal 

abnormalities, chronic diarrhrea, osteoporosis, and premature atherosclerosis (Bjorkhem, 2013). 

Biochemically, CTX is characterized by specific changes in the plasma sterol profile: the 

concentration of 27-hydroxycholesterol (27HC, the CYP27A1 product) becomes very low, 

whereas that of cholesterol (a CYP27A1 substrate) remains normal or below normal; there is also 

a significant increase in the levels of cholestanol, some bile alcohols, and several other sterols 

(Bjorkhem, 2013). People heterozygous for CYP27A1 mutations are usually free of CTX 

symptoms and have a 2-fold reduction in plasma 27HC with normal or slightly increased 

concentrations of plasma cholestanol and bile alcohols  (Bjorkhem, 2013). 

CYP27A1 and its product 27HC have been linked to hormonal cancers and 

neurodegenerative diseases. In several breast cancer studies, high CYP27A1 expression was 

significantly associated with high tumor grade and was shown to affect estrogen receptor (ER) 

signaling, a process that facilitates the growth of most luminal breast cancers (Kimbung et al., 

2017; Nelson et al., 2013). 27HC is a selective ER modulator and a partial ER agonist in the breast 
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(Umetani et al., 2007; Wu et al., 2013). Accordingly, in women of a reproductive age and post-

menopausal women, high levels of 27HC in breast tumors seem to play an opposite role: they 

attenuate ER action in the former and facilitate ER signalling in the latter (DuSell et al., 2008; 

Kimbung et al., 2017; Umetani et al., 2007). Conversely, in prostate cancer, a bioinformatics 

approach revealed a significantly lower level of CYP27A1 transcripts in tumor samples than benign 

prostate tissue and correlated this change with shorter disease-free survival and higher tumor grade 

(Alfaqih et al., 2017). Cellular cholesterol is thought to be critical for production of intratumoral 

androgens and proliferation of prostate cancer cells, whose growth was found to be affected by 

CYP27A1 expression (Montero et al., 2008; Mostaghel, 2013). Restoration of CYP27A1 

expression in this cell type increased the production of 27HC and decreased cellular cholesterol 

by decreasing cellular cholesterol biosynthesis and uptake (Alfaqih et al., 2017). Finally, a recent 

study showed that in patients with varying degrees of cognitive impairment, elevated levels of 

27HC in the cerebrospinal fluid negatively correlate with the brain glucose uptake (Ismail et al., 

2017). Evidence was presented that 27HC activates the transcription factors liver X receptors and 

affects the brain glucose uptake via the brain renin-angiotensin system, which plays a role in 

learning, memory, emotional responses, and other brain functions (Ismail et al., 2017; Mateos et 

al., 2009; Mateos et al., 2011a; Mateos et al., 2011b). Reduction of 27HC levels was suggested as 

an approach to prevent age-related changes in the brain glucose uptake and mitigate cognitive 

problems in some of the progressive neurodegenerative diseases (Ismail et al., 2017). 

 Emerging roles of CYP27A1 and 27HC in different diseases justified our previous studies of 

CYP27A1 as a therapeutic target that requires a partial inhibition of cholesterol 27-hydroxylation 

(Mast et al., 2015). We tested 26, mostly anticancer, medications and found that several of them 

have potential to partially inhibit CYP27A1 in humans. In the present work, we expanded our 
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search for CYP27A1 inhibitors to non-cancer medications and found a class of antihypertensive 

drugs that inhibits CYP27A1 in vitro and in vivo in mice.  
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Materials and Methods 

 Materials. Cymal-7 was purchased from Anatrace (Maumee, OH). Cholesterol and 

[3H]cholesterol were from Steraloids (Newport, RI) and Perkin Elmer (Waltham, MA), 

respectively. [25,26,26,26,27,27,27-2H7]Cholesterol and [25,26,26,26,27,27-2H6]27HC were from 

Avanti Polar Lipids, INC (Alabaster, Al). All of the drugs for screening were ordered from either 

Toronto Research Chemicals (Toronto, Canada) or Sigma-Aldrich (St. Louis, MO) (Supplemental 

Table 1). Felodipine and nilvadipine for animal treatment were purchased from Abcam 

(Cambridge, MA). Felodipine analogs were purchased from ChemDiv (San Diego, CA). Human 

recombinant CYP27A1, bovine adrenodoxin reductase, and bovine adrenodoxin were expressed 

and purified as described (Mast et al., 2006; Sagara et al., 1992; Sagara et al., 1993).  

 Animals. All animal studies were carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals by the National Institutes of Health and were approved by Case 

Western Reserve University’s Animal Care and Use Committee. C57BL/6J female mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME) and housed in the Animal Resource 

Center at Case Western Reserve University until they reached the age of 4-5 months. Animals 

were maintained in a standard 12-hour light (~10 lux)/12-hour dark cycle environment with water 

and food provided ad libitum. The female gender was chosen due to consideration of CYP27A1 

as a potential therapeutic target in breast cancer and possible future experiments in a mouse of this 

disease. Also, we wanted to make sure that in our in vivo experiments, the drug treatment effect is 

significant even in female mice, which typically have a higher data variability due to monthly 

hormonal fluctuations. 

 Enzyme Assay for Drug Screening. This assay was carried out as described (Mast et al., 

2015) in 1 ml of 50 mM potassium phosphate buffer (KPi, pH 7.2) containing 1 mM EDTA and 
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0.01% CYMAL-7. Other reagents were as follows: 0.07 µM CYP27A1, 3.5 µM adrenodoxin, 0.35 

µM adrenodoxin reductase, 46 µM drug under study, 2.3 µM cholesterol (a concentration equal to 

0.5 Km CYP27A1 for this substrate), 13 nM (or ~250,000cpm) [3H]cholesterol, and 1 mM 

NADPH. Cholesterol was added from 1 mM stock in 4.5% aqueous 2-hydroxypropyl-β-

cyclodextrin, and drugs were added from 5 mM stocks in either water, methanol, or dimethyl 

sulfoxide (Fig. 1). The volumes of the added cholesterol and drug solutions were 2.3 µl and 9.2 

µl, respectively.  Enzymatic reaction proceeded for 4 min at 37°C. Product formation was linear 

with time and CYP27A1 concentration. 

 Spectral Binding Assay. Drug binding to CYP27A1 (Mast et al., 2015) or any other P450 

(Schenkman et al., 1967) can in many cases be monitored spectrally because of the drug-induced 

changes in the coordination chemistry of the P450 heme iron, typically six-coordinated in the P450 

ground state (Dawson et al., 1982; Poulos et al., 1986). Displacement of the water molecule serving 

as the sixth heme ligand and leaving the heme iron five-coordinated produces a so-called type I 

spectral response (a peak at 380-393 nm and a trough at 415-420 nm in the P450 difference 

spectrum), whereas coordinating the heme iron with a nitrogen atom from an added drug elicits a 

type II spectral response (a trough at 390-410 nm and a peak at 421-435 nm the P450 difference 

spectrum) (Schenkman et al., 1967). A lack of drug-induced P450 spectral response does not 

necessarily mean a lack of drug binding; this could be due to drug positioning at a distance from 

the heme iron (Isin and Guengerich, 2008). Binding of drugs in the CYP27A1 spectral assay was 

monitored as described (Mast et al., 2015), except only one drug concentration (5 µM) was used. 

The buffer was 50 mM KPi (pH 7.2) and contained 0.4 µM CYP27A1, 1 mM EDTA, 0.01% 

CYMAL-7, 10% glycerol, and 0.1 M NaCl; the solution temperature was 30oC. 
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 Enzyme Assay for the Ki Determination. The assay conditions conformed to the guidelines 

of pharmaceutical industry for in vitro assessment of P450 inhibition during drug discovery and 

development process (Nettleton and Einolf, 2011) and were identical to those of the screening 

assay. The two exceptions were the cholesterol concentration, which was changed to 4.6 µM, and 

the drug concentration, which varied from 0.0005 µM to 160 µM. Typically, 15 drug 

concentrations  (0.0005 µM, 0.005 µM, 0.05 µM, 0.1 µM, 0.25 µM, 0.5 µM, 1 µM, 2.5 µM, 5 µM, 

10 µM, 20 µM, 40 µM, 80 µM, 120 µM, and 160 µM) were used  to generate the IC50 curve. 

Cholesterol was added from the same stock as in the screening assay; drugs were added from the 

25 µM, 250 µM, and 5 mM stocks. The total volume of the added drug and the vehicle solution 

was equal to 32 µl per assay. The data were fitted to the following equation using the Graph-Pad 

Prism software (La Jolla, CA):  

%	𝐶𝑜𝑛𝑡𝑟𝑜𝑙	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝐵 +
𝐴 − 𝐵

1 + 10( 5 67895:;<)
 

in which [I] is the drug concentration, IC50 is the inflection point, A is the maximal activity of 

CYP27A1 (100%) in the absence of a drug, and B is the residual CYP27A1 activity (%) at the 

maximum drug concentration. Since the measurement of the IC50 was done at a cholesterol 

concentration equal to the Km, Ki = IC50/2, assuming a model of competitive inhibition. 

 Mouse Treatment with Felodipine and Nilvadipine Felodipine and nilvadipine stocks (0.2 

mg/ml) were in 20% (V/V) ethanol, 10% (V/V) polyethylene glycol 400, 1.3 mM KPi (pH 7.4), 

and 96 mM NaCl. Each drug was given orally by gavage at a 1 mg/kg of mouse body weight dose, 

once a day for seven days; the control group received only the drug vehicle. At the end of treatment, 

animals were fasted overnight and sacrificed the next morning. The brain and liver were isolated 

as described  (Zheng et al., 2015); the blood was collected in EDTA-coated tubes and subjected to 

1000 g centrifugation for 10 minutes at 4°C to obtain plasma. The brain, liver, and plasma were 
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then processed for the measurements of cholesterol and 27HC by gas chromatography-mass 

spectrometry as described (Mast et al., 2011). 

 Statistical Analysis. All in vitro assays were carried out in triplicates. All quantifications in 

mice represent the measurements in at least six animals. Statistical analyses were experiment-

specific and are indicated in figure legends along with the details of data presentation. Statistical 

significance was defined as *, P £ 0.05; **, P £ 0.01; and ***, P £ 0.001.   
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Results  

 Drug Selection. Drug selection was iterative and based on intuitive predictions used 

successfully in our previous investigation (Mast et al., 2015). The analyzed drugs were only those 

approved for use in the US by the Food and Drug Administration (FDA); neither of these 

compounds was a controlled substance or peptide/protein-based pharmaceutical. Chemical 

structures of a total of ~1,600 FDA-approved drugs were visually inspected to identify flexible 

linear structures with multiple rings that can fit the curvature of the presumably banana-shaped 

CYP27A1 active site, which connects the protein surface to the active site (Charvet et al., 2013).  

We also paid attention to compounds with oxygen- and nitrogen-containing functionalities that 

can interact with the protein side chains and/or coordinate the P450 heme iron. This is usually 

possible when there are no bulky substitutions in the vicinity of these functionalities that obstruct 

interactions with a cholesterol-metabolizing P450 (Mast et al., 2012). In addition, we decided to 

evaluate some of steroid-based structures and systems with conjugated rings. Accordingly, in the 

1st round of screening, a total of 40 drugs was selected and tested for CYP27A1 inhibition in the 

screening assay. Of them, five inhibited CYP27A1 activity by ³50% (we called them hits). In the 

2nd round of screening, we evaluated drugs with chemical structures similar to those of the hits 

from the 1st round of screening and from the hits discovered in our previous study (Mast et al., 

2015). A total of 20 drugs were assessed, and 4 hits were identified. In the 3rd round of screening, 

drugs with the same clinical indications as the hits identified in the 1st and 2nd round were chosen, 

as opposed to the structural similarity search used in the previous rounds of screening. 

Additionally, preference was given for drugs that require a long-term use. The hit to tested drug 

ratio in this round was 3 to 22. In the 4th-6th round of screenings, we continued to test drugs based 
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on the same clinical indication and had a hit to tested drug ratio of 7 to 25, 7 to 17, and 0 to 7 

respectively. 

 Drug Evaluation by Screening Enzyme Assay. A total of 131 drugs were screened for 

CYP27A1 inhibition. Of them, 14 inhibited enzyme activity by ≥75% (Fig. 1), the extent of 

inhibition indicative of a strong CYP27A1 inhibitor (Mast et al., 2015). These compounds were 

six antihypertensive drugs (candesartan, clevidipine, felodipine, nicardipine, nilvadipine, and 

nimodipine), five anticancer pharmaceuticals (abiratone, dasatanib, nilotinib, regorafenib, and 

sorafenib), two antiHIV medications (delavirdine and etravirine), and one nonsteroidal 

antiinflammatory drug (celecoxib) (Table 1).  

 Drug Evaluation by Spectral Binding Assay. Only potentially strong CYP27A1 inhibitors 

were assessed (Table 1, Fig. 2). Of them, one (dasatanib) did not induce in CYP27A1 any spectral 

response under the experimental conditions used, whereas the remaining 13 elicited a perturbation 

around the P450 heme iron. Nine drugs induced a type II spectral response (abiratone, candesartan, 

clevidipine, delavirdine, felodipine, nicardipine, nilotinib, nilvadipine, and nimodipine) and four 

elicited a type I (celecoxib, etravirine, and sorafenib) or type I-like (regorafenib) spectral response. 

Thus, at least 13 tested drugs seem to enter the CYP27A1 active site and act as competitive 

inhibitors.  

 Drug Evaluation by In Vitro Ki Measurements. All of the 14 potentially strong CYP27A1 

inhibitors were characterized by the inhibition constants. All completely inhibited CYP27A1 in 

the IC50 measurements and yielded Ki values ranging from submicromolar (a total of 7 drugs) to 

low micromolar (a total of 7 drugs) (Table 1).  The submicromolar CYP27A1 inhibitors were 

clevidipine, delaviridne, etravirine, felodipine, nicardipine, nilotinib, and sorafenib, and the low 
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micromolar inhibitors were abiratone, candesartan, celecoxib, dasatanib, nilvadipine, nimodipine, 

and regorafenib.   

Drug Evaluation by In Vivo CYP27A1 Inhibition. Felodipine and nilvadipine were 

selected for administration to mice. Both felodipine and nilvadipine are antihypertensive drugs, 

belonging to the same class of 1,4-dihydropyridine (DHP) calcium channel blockers, and have the 

Ki values for cholesterol 27-hydroxylation (0.5 µM and 3.4 µM respectively, Table 1) 

representative of the Ki range (0.1 - 4.7 µM) for this class of drugs (clevidipine, felodipine, 

nicardipine, nilvadipine, and nimodipine, Table 1). The drug dose was 1 mg/kg of mouse body 

weight, the same for felodipine and nilvadipine and that was shown previously for nilvadipine to 

decrease arterial blood pressure in mice (Paris et al., 2004). For comparison, drug doses that are 

typically given to humans are 2.5-10 mg for felodipine and 4-16 mg for nilvadipine (Brogden and 

McTavish, 1995; Kirsten et al., 1998). Total cholesterol and 27HC were measured to assess drug 

effects on cholesterol homeostasis and CYP27A1 inhibition, respectively, in the whole body 

(plasma) and two organs (liver and brain). After a 7-day treatment with either felodipine or 

nilvadipine, the levels of cholesterol in the plasma, liver, and brain were not altered relative to the 

control group, whereas those of 27HC were decreased (Fig. 3). For felodipine and nilvadipine, 

these decreases were by 2.1- and 1.4-fold in the plasma, 2.7- and 2.2-fold in the liver, and 1.4- and 

1.8-fold in the brain, respectively. No statistically significant differences were found between 

felodipine and nilvadipine for 27HC lowering in the liver and brain, yet in the plasma, felodipine 

lowered 27HC to a greater extent than nilvadipine. Overall, we confirmed our previous findings 

that it is possible to partially inhibit CYP27A1 in vivo without increasing cholesterol levels in the 

plasma and liver (the major site of cholesterol elimination) (Mast et al., 2015). The data obtained 

represent pre-clinical indication for off label use of felodipine and nilvadipine in humans. 
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Studies of Felodipine Analogs. To gain insight into the structural features of felodipine, one 

of the strongest CYP27A1 inhibitors, three commercially available felodipine analogs were 

investigated (Fig. 4A). Analogs A and B have the modifications at the carboxyl groups of the 

pyridine ring (positions 3 and 5), and analog C lacks the chlorine atoms at positions 2' and 3' of 

the 4-phenyl ring. Eliminating the ester functionality at position 3 of the pyridine ring and yielding 

free carboxylic acid abolished CYP27A1 inhibition in the screening assay (Fig. 4B) and resulted 

in essentially no P450 spectral response (Fig. 4C). Either the negative charge prevents analog A 

from entering the CYP27A1 active site or this analog is not retained in the enzyme active site 

because of a smaller size as compared to felodipine. Conversely, increasing the chain length at 

position 5 of the pyridine ring by replacing the methyl ester with a larger ethyl ester still enabled 

CYP27A1 inhibition and preserved the spectral response. Yet, the extent of CYP27A1 inhibition 

by analog B in the screening enzyme assay was lower than that by felodipine (90% vs 100%) and 

the Ki of analog B was increased about 5-fold (Fig. 4D). Finally, the size-reducing removal of the 

two chlorine atoms at positions 2' and 3' in the 4-phenyl ring (analog C) abolished CYP27A1 

inhibition in the screening and elicited only very weak P450 spectral response (Fig. 4B and C). 

Thus, the length and possibly nature of the functionalities at positions 3 and 5 of the pyridine ring 

and 2' and 3' of the 4-phenyl ring are important for CYP27A1 inhibition by felodipine.  
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Discussion 
 

 The major outcome of the present work is the identification of the scaffold that inhibits 

CYP27A1 both in vitro and in vivo in mice. We also confirmed our previous finding that CYP27A1 

is a druggable enzyme (Mast et al., 2015) and found additional pharmaceuticals with potential for 

CYP27A1 inhibition in humans.  

 The identified CYP27A1 inhibitory scaffold represents the 1,4-DHP core from a class of 

antihypertensive drugs that block the L-type voltage-dependent Ca2+ channels. In vitro, all 5 tested 

drugs from this class can bind to the CYP27A1 active site and ligate the heme iron as indicated by 

the spectral assay (Fig. 2). Moreover, these drugs have in vitro Ki values from 0.1 µM to 4.7 µM 

(Table 1), a range in pharmaceutical industry for compounds of a high risk (Ki < 0.5 µM; 

clevidipine and felodipine) and potential risk (0.5 µM < Ki < 5 µM; nicardipine, nilvadipine, and 

nimodipine) for in vivo P450 inhibition (Nettleton and Einolf, 2011; Obach et al., 2005). The 

capability of the 1,4-DHP scaffold to inhibit CYP27A1 in humans was further confirmed by 

studies in mice revealing that at a therapeutically relevant dose of 1 mg/kg of body weight, both 

felodipine and nilvadipine partially inhibited CYP27A1 in vivo (Fig. 3). The extent of the 

CYP27A1 inhibition in mouse whole body (the plasma 27HC levels) was higher for felodipine 

than nilvadipine and consistent with the Ki values of these compounds (0.47 µM and 3.38 µM, 

respectively, Table 1). Remarkably, a greater decrease in the plasma 27HC in the case of felodipine 

did not translate into the lower sterol levels in the brain (Fig. 3), which uptakes 27HC from the 

systemic circulation in addition to local 27HC synthesis (Heverin et al., 2005). Since both 

felodipine and nilvadipine cross the blood-brain barrier (Lindgren et al., 2000; Takakura et al., 

1992), perhaps in the brain, nilvadipine is a stronger inhibitor of CYP27A1 than felodipine. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 30, 2017 as DOI: 10.1124/mol.117.110742

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


	 	 MOL	#110742	

16	

 Studies of felodipine analogs (Fig. 4) along with data on five 1,4-DHP antihypertensives (Table 

1) provide insight into structure-activity relationships of the 1,4-DHP scaffold for CYP27A1 

inhibition. All 1,4-DHP compounds with submicromolar Ki for cholesterol 27-hydroxylation 

(clevedipine, felodipine, and nicardine) have a long, at least a four atom-, flexible ester-containing 

chain at position 3 of the pyridine ring and a short methyl ester chain at position 5. Shortening the 

chain length at position 3 to carboxylic acid and introducing the negative charge eliminated 

CYP27A1 inhibition (analog A), whereas increasing the chain length at position 5 by one 

methylene group increased the Ki ~5-fold (analog B). The chlorine atom at position 2' of the 4-

phenyl ring could be lacking (nicardipine) but position 3' must be occupied (analog C) and can 

have the nitro group (nicardipine). The two 1,4-DHP antihypertensives with low micromolar Kis 

(nilvadipine and nimodipine) had the same substitutions in the 4-phenyl ring as nicardine and 

identical structure at position 3 of the pyridine ring. The structural differences between the two 

drugs were that nilvadipine had a short methyl ester chain at position 5 and the cyano group at 

position 6 of the of the pyridine ring. Nimodipine had a long, six-atom chain at position 5 and the 

methyl group at position 6 of the of the pyridine ring. It is possible that the cyano group in 

nilvadipine and the long side chain at position 5 of the nimodipine pyridine ring lessen the 

inhibition of CYP27A1 by these drugs as compared to clevedipine, felodipine, and nicardine. Of 

importance for understanding the structures that could inhibit CYP27A1 is the finding that the 

nitrogen atom in the pyridine ring can have on each side the adjacent methyl group, which 

apparently does not hinder this atom from the coordination of the CYP27A1 heme iron.  

 While a novel finding, in retrospect, CYP27A1 inhibition by the 1,4-DHP compounds should 

not be surprising; in addition to lowering blood pressure, the 1,4-DHP scaffold possesses a wide 

variety of other biological and pharmacological effects including antibacterial, anticancer, 
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anticoagulant, anticonvulsant, antitubercular, antiulcer, antimalarials, and antiHIV activities 

(Khedkar and Auti, 2014). Moreover, in a small clinical study nilvadipine but not amlodipine 

stabilized cognitive decline and reduced the incidence of Alzheimer's disease (Hanyu et al., 2007); 

possibly beneficial effects of nilvadipine were not related to its anihypertensive activity. Pre-

clinical work in mice suggests that the potential antiAlzheimer's disease mechanisms of some of 

the 1,4-DHP antihypertensives could be realized through lowering of amyloid beta accumulation 

and enhancing amyloid beta clearance from the brain (Bachmeier et al., 2011; Paris et al., 2011). 

A large phase III clinical trial of nilvadipine to treat Alzheimer's disease has recently been 

completed (ClinicalTrials.gov identifier: NCT02017340) with no study results yet posted. If 

available, plasma analysis of the trial participants for 27HC levels would provide insight into 

nilvadipine effect on CYP27A1 and suggest, if plasma 27HC is lowered, studies of additional 

mechanisms of drug effects. 

 Not every class of antihypertensive drugs inhibited CYP27A1 in vitro as indicated by our 

evaluation of angiotensin II receptor antagonists (eprosartan, irbesartan, losartan, and telmisartan, 

Fig. 1). These antihypertensives have a scaffold different from that of calcium channel blockers 

with only candesartan showing a significant (>25%) CYP27A1 inhibition in the screening assay 

(Fig. 1) and having a low Ki value of 3. 7 µM (Table 1). Angiotensin-converting-enzyme inhibitors, 

the third class of antihypertensive drugs, were not evaluated in the present work because their 

scaffold (small pyrrolidine moiety with a hindered tertiary amine) was not believed to inhibit 

CYP27A1. 

 Of the remaining six out of the 12 drugs with potential of a partial CYP27A1 inhibition in 

humans (Ki < 5 µM, Table 1), four were against different types of cancers (abiratone, dasatanib, 

nilotinib, and regorafenib) and two (delavridine and etravirine) were the antiHIV medications. 
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With the exception of abiratone, which has a steroid-based structure similar to that of the 

CYP27A1 substrate cholesterol, all these potential inhibitors have a long, ring-containing flexible 

chain with nitrogen atoms, either unhindered or partially hindered. Two of these potential 

inhibitors (etravirine and sorafenib) induced a classical type I P450 spectral response (Fig. 2) and 

both had very low Ki values of 0.11 and 0.19 µM, respectively; these compounds are certainly 

interesting candidates for co-crystallization with CYP27A1 to evaluate how they bind to the 

enzyme active site. Also, etravirine and delavirdine represent the only class of the antiHIV agents 

(the non-nucleoside reverse transcriptase inhibitors) that significantly inhibited CYP27A1 in vitro. 

The representatives from other classes of the antiHIV agents - nucleoside/nucleotide reverse 

transcriptase inhibitors (abacavir, lamivudine, and tenofovir) and integrase inhibitors (dolutegravir 

and raltegravir) - did not substantially inhibit CYP27A1 in the screening assay. 

 In summary, we screened 131 marketed drugs and identified 12 strong CYP27A1 inhibitors 

with potential for a partial CYP27A1 inhibition in humans. We found an inhibitory scaffold for 

CYP27A1 and that nitrogen atoms in inhibitory drugs that coordinate the P450 heme iron can be 

partially hindered with small methyl groups. The data obtained expand our knowledge of chemical 

structures that inhibit CYP27A1 and provide pre-clinical data for testing of the identified potential 

CYP27A1 inhibitors in humans for conditions that may benefit from partial enzyme inhibition. 
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Figure Legends 

Fig. 1. Effect of drugs on CYP27A1 activity in the in vitro screening assay. Assay conditions are 

described in Materials and Methods. Control incubations contained only drug vehicle (1%, v/v). 

The results represent the mean ± S.D of the three independent measurements. Drugs inhibiting 

CYP27A1 by ³75% (the horizontal dashed line) are in bold. ND, not detectable; the limit of 

detection is 1% of cholesterol 27-hydroxylation. Superscripts indicate drug vehicles: W, water; M, 

methanol; D, dimethyl sulfoxide.  

 

Fig. 2. Effect of strong inhibitors on CYP27A1 difference spectra. Assay conditions are described 

in Materials and Methods; drug concentration was 5 µM. Chemical structure of drugs are shown 

above difference spectra.  

 

Fig. 3. Felodipine and nilvadipine treatment (Tx) of mice. Drugs effect on the levels of cholesterol 

and 27-hydroxycholesterol in the plasma, liver, and brain. Mice were C57BL/6J females of 4-5 

months of age. Drugs were given orally by gavage as described in Materials and Methods. The 

drug dose was 1 mg/kg body weight given once a day for seven days. The results represent the 

mean ± S.D of the measurements in individual animals. The control group received only the 

vehicle. **P ≤ 0.01, ***P ≤ 0.001 by one-way ANOVA followed by a post-hoc Tukey’s multiple 

comparison test. 

 

Fig. 4. Studies of felodipine analogs. (A) Chemical structures of the studied compounds; structural 

differences relative to felodipine are highlighted in orange (analog A), blue (analog B), and 

magenta (analog C). (B) Effect of felodipine analogs on CYP27A1 activity in the screening 
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enzyme assay. Assay conditions are described in Materials and Methods. The results represent the 

mean ± S.D of the three independent measurements. (C) Difference spectra of CYP27A1 in the 

presence of felodipine and its analogs. (D) Representative IC50 plots for the inhibition of 

cholesterol 27-hydroxylation. All assays conditions are described in Materials and Methods. Ki 

values represent geometric mean of triplicate measurements; the geometric S.D. factor is shown 

in parenthesis.  ND, not detectable; the limit of detection is 1% of cholesterol 27-hydroxylation. 
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Table 1. Some of the properties of the strong CYP27A1 inhibitors. 

The alphabetical list of submicromolar CYP27A1 inhibitors is followed by the alphabetical list of 

low micromolar CYP27A1 inhibitors. The black line separates the two groups of inhibitors. Assay 

conditions are described under Material and Methods. Ki values represent the geometric mean of 

measurements from three independent experiments; the geometric S.D. factor is shown in 

parenthesis. Residual CYP27A1 activity in the screening assay represents the means ± S.D. of 

measurements from three independent experiments.  

Drug Indication (Drug Target) Ki, µM 

CYP27A1 
Spectral 

Response,  
λmax /λmin in 
Difference 
Spectrum 

Cholesterol 27-
Hydroxylationa, 

% 

No Drug    100 ± 3 

Clevidipine Hypertension (Calcium Channel) 0.10 (1.04) 433/412 NDb 

Delavirdine HIV (Reverse Transcriptase) 0.46 (1.09) 426/403 2 ± 1 

Etravirine HIV (Reverse Transcriptase) 0.10 (1.14) 385/418 2 ± 1 

Felodipine Hypertension (Calcium Channel) 0.47 (1.07)  433/412 ND 

Nicardipine Hypertension (Calcium Channel) 0.76 (1.20) 433/412 ND 

Nilotinib Leukemia (Tyrosine Kinase) 0.19 (1.09) 435/412 2 ± 1 

Sorafenib Thyroid Cancer (Tyrosine Kinase) 0.18 (1.02) 393/427 2 ± 1 

Abiratone Prostate Cancer (CYP17A1) 1.57 (1.06) 417/407 5 ± 1 
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aActivity in the screening enzyme assay.  

bND, not detectable; the limit of detection was 1% of cholesterol 27-hydroxylation in the 

screening enzyme assay and 0.002 absorbance units in the spectral assay. 

cNSAID, non-steroidal antiinflammatory drug. 

  

Candesartan 
Hypertension (Angiotensin II 

receptor)  
3.71 (1.13) 436/414 11 ± 5 

Celecoxib NSAIDc (Cyclooxygenase 2) 7.72 (1.04) 385/419 14 ± 5 

Dasatanib Leukemia (Tyrosine Kinase) 10.1 (1.06) ND 27 ± 2 

Nilvadipine Hypertension (Calcium Channel) 3.35 (1.03) 433/412 7 ± 3 

Nimodipine Hypertension (Calcium Channel) 4.64 (1.07) 433/413 10 ± 2 

Regorafenib Colorectal Cancer (Tyrosine Kinase) 1.77 (1.07) 406/426 ND 
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